Results are presented from full-scale tests on geopier foundations subjected to simulated seismic activity. The foundations were subjected to large cyclic lateral and upliftcompression loads, as well as significant overturning moments produced by the horizontal forces. For the conditions of the tests -including large loads, poor subsurface soils, and no embedment of the foundations, the magnitude of the maximum displacements and rotations were relatively small. Furthermore, the permanent displacements at the end of the tests were small. Overall the results indicate that geopier foundations are ductile and can sustain large displacements -such as those generated by earthquakes -without significant damage, thereby maintaining post-earthquake serviceability.
INTRODUCTION
During May and June of 1998, geotechnical testing was conducted in conjunction with structural testing on a section of the existing northbound I-15 bridge over South Temple in Salt Lake City, Utah. The tests were performed after the northbound bridge had been taken out of service, northbound traffic was diverted to the existing southbound bridge, and the remainder of the northbound bridge had been demolished. The section of the bridge that was tested consisted of two bents and the deck and girders spanning the two bents (see Figure 1a) . Cyclic lateral loads were applied to the bent caps to simulate seismic shaking during an earthquake.
A schematic elevation view of the testing setup is shown in Figure 1b . The anticipated maximum lateral load to be induced on the bent caps was 1.78 MN (400 kips). During the actual testing a maximum lateral load of 2.18 MN (490 kips) was Evert C. Lawton, "Performance of Geopier Reinforced Soil Foundations…" 2000 TRR, Paper No. 00-1307 2 induced. The cyclic lateral loads were applied to the bent caps using a hydraulic actuator attached to a steel reaction frame. The reaction frame was founded on two reinforced concrete footings, which were newly constructed for this research project. Each footing was 7.48 m (24.5 ft) long, 2.51 m (8.25 ft) wide, and 1.0 m (3.25 ft) thick, and was supported by ten uplift geopiers (see Figure 2 ).
The forces generated by cyclic pushing and pulling on a bent cap are illustrated in Figure 1b for the anticipated maximum lateral force of 1.78 MN (400 kips). This pushing force produced a compressive force of 2.22 MN (500 kips) on the exterior footing and an uplift force of the same magnitude on the interior footing. During pulling the same magnitude of vertical forces were produced, with uplift on the exterior footing and compression on the interior footing. The two reaction frame footings were founded on the ground surface, so the resistance to the lateral loads was produced by shearing along the footing-soil interface, as well as by pushing of the threaded uplift bars into the geopiers. This horizontal force couple produced an overturning moment on each footing, with a moment arm somewhat greater than the thickness of the footing.
A series of three structural tests was performed on the two bents. The first structural test was conducted on May 23, 1998 on the southern bent (bent 5) in the "as-is" condition. The second structural test was performed on June 6, 1998 on the northern bent (bent 6), which had been previously wrapped with carbon fiber composites around the joints where the three columns intersect the cap. The purpose of this test was to determine the effectiveness of carbon fiber composites in providing additional strength and ductility if installed prior to an earthquake. The third structural test was conducted on June 27, 1998 on bent 5 after it had been wrapped with carbon fiber composites after 3 testing it to failure on May 23. The purpose of this test was to determine if carbon fiber composites can be used to restore a bridge to service after the bents have failed during an earthquake.
Analysis of the pile caps supporting these two bents indicated that the piles might fail laterally during the tests. To prevent this from occurring during the three structural tests described above, the pile caps were tied structurally to the reaction frame footings to limit the amount of lateral movement. Following the second and third structural tests, the lateral bracing systems were disconnected so that the pile caps and the reaction frame footings would move without artificial restraint. Geotechnical tests were then conducted in which the bent was pushed in a cyclic manner similar to that used for the structural tests.
A geopier foundation system is one of the few soil improvement methods that can safely carry significant lateral and uplift forces. Details on the method of installation of geopiers and their behavior under compressive and uplift loads can be found in (1) and (2) . The method of installation consists of opening holes in the ground by augering or excavation, and filling the cavities with highly densified granular material via a specially designed tamper using high energy, low frequency impact procedures. Where large lateral and uplift capacities are needed, a steel plate is inserted at the bottom of each hole, with vertical steel uplift bars attached to the plate near its perimeter. The bars are extended past the tops of the geopiers into a footing and become bonded to the footing when the concrete is placed. Uplift and passive resistance are mobilized in a geopier when the footing moves, pulling on the bars. Additional lateral resistance is also generated by the high shearing resistance along the footing-geopier interfaces at the bearing level.
The primary purpose of the geotechnical tests was to verify under full-scale conditions the mechanisms by which geopier foundations resist lateral, compressive, and uplift loads. Furthermore, it was desired to determine if geopier foundations can be used successfully to support structures in regions of high seismic potential. The technical discussions in this paper relate to the performance of the geopier foundations supporting the structural reaction frames during the geotechnical tests.
SITE GEOLOGY AND SUBSOIL CONDITIONS
Results from a typical cone penetration test (CPT) conducted at the site are shown in 
FULL-SCALE GEOTECHNICAL TESTS
Procedures and results of both geotechnical tests are similar, so the discussions here will be restricted to the second geotechnical test. The loads were applied to the bridge bent by alternately pushing and pulling on the cap in cycles of gradually increasing horizontal displacement. In the second test, the cap was first pushed then pulled laterally a maximum distance of 25 mm (1 in.) and then this same displacement pattern was repeated. This procedure was repeated for maximum displacements of 50-203 mm (2) (3) (4) (5) (6) (7) (8) in.) in increments of 25 mm (1 in.). The cap was then pushed a maximum distance of 229 mm (9 in.) and then pulled back to zero displacement and this pattern was repeated for a second cycle. This procedure was then used for maximum displacements of 254, 279, and 305 mm (10, 11, and 12 in.). This modified procedure at maximum displacements of 229 mm (9 in.) and higher was necessitated by limitations on the stroke of the actuator and stretching of the prestressing strands used to pull back on the cap.
The horizontal displacements of the cap as a function of elapsed time are shown in Figure   4a . These displacements of the bent cap were measured from its original location prior to the start of the test. Figure 4b is the measured lateral force on the bent cap versus elapsed time.
Shown in
It can be seen that the magnitude of the lateral forces at the same level of displacement for the pushing and pulling portions of the same cycle were not the same. For example, during the second push-pull cycle at a maximum displacement of 203 mm (8 in.), the force at the maximum displacement during the push cycle was 1045 kN (235 kips), while the force at the same maximum displacement during the pull cycle was 1579 (355 kips).
These disparities are likely related to permanent damage done to the superstructure of the bent and during the structural test and also during the geotechnical test, as well as net movements of the pile caps during the testing.
Induced Vertical Compressive Stresses

Footing Contact Stresses during Compressive Loading
A geopier foundation is a composite system consisting of stiff, strong, cylindrical inclusions within a matrix of weaker, more compressible native soil. A rigid footing carrying a centric, vertical load will settle uniformly on any stable bearing system. For a rigid footing settling uniformly on a geopier foundation system, stress-deformation compatibility dictates that the induced contact stresses on the stiffer geopiers be greater than the stresses induced on the more compressible matrix soil. Using subgrade reaction theory (3), Lawton et al. (2) have shown that the following equations apply for the contact stresses induced by a rigid footing on the supporting geopiers and matrix soil:
where ∆q g = induced contact stress on geopiers One method of assessing the reasonableness of these measured stresses was to estimate the total applied vertical force at the peak of the push cycle by assuming the load to be centric, and multiplying the measured stresses by the appropriate contact areas. at all locations and multiplying this stress by the area of matrix soil gives an estimated total force of 67 kN (15 kips) carried by the matrix soil. Thus, the total estimated force induced on the footing by the pushing is 1410 kN (317 kips) using this method.
A second estimate was obtained by multiplying the measured lateral force applied to the bent cap 1045 kN (235.0 kips) by the appropriate multiplication factor of 1.25
obtained from static analysis of the reaction frame assuming the supports are hinged.
This method gives an estimated vertical force of 1307 kN (294) kips. Comparing the two predicted values shows that method one gives a value 8% greater than method two.
Therefore, it appears that the measured values of induced stress are reasonable.
A number of actual conditions vary from those assumed above. As will be shown in a subsequent section, the applied loads were eccentric. There was significant rotation of the top of the western footing from east to west, which would result in lower stresses on the geopiers on the east side of the footing compared to the west side. In addition, there was some small rotation from south to north, which would have generated slightly higher stresses on the geopiers on the northern side of the footing than on the southern side. The actual diameters of the geopiers were somewhat larger than the nominal diameter owing to pushing of the geopier material laterally into the adjacent matrix soil during installation. These factors offset each other to some extent with respect to the estimated vertical load, so that the measured values of stress still appear to be reasonable. Therefore, it appears that Equation 2 can be used to give reasonable estimates of ∆q m .
Since the matrix soil carries so little stress compared to that carried by the geopiers, the estimate of settlement for a geopier foundation system generally does not depend significantly on the estimated magnitude of ∆q m .
Distribution of Induced Vertical Stress within Geopiers
Within the central geopier of the western footing that had PP9 on top, five additional plates were placed at depth intervals of 0.91 m (3 ft) within the geopier (see Figure 2 ).
These pressure plates, along with PP9, were located so as to provide information on the distribution of vertical stress within that geopier. Unfortunately, PPB7 -which was placed on the top of the uplift plate -was damaged during installation of the geopier.
The measured induced compressive vertical stress for these pressure plates are plotted in Figure 7a for the first push-pull cycle at a maximum displacement of the bent cap of 
Displacements of Reaction Frame Footings
Horizontal Displacements
The structural reaction frame rigidly tied the two footings together so that they moved laterally as a unit. This was proved during the testing by placing a displacement transducer between the two footings to monitor differential lateral movement. The footings were founded on the ground surface and thus were not embedded. Therefore, the only two mechanisms available for resisting lateral loads were shearing resistance along the bottom of the footing and passive resistance from the threaded uplift bars being pushed into the geopiers.
The lateral displacements of the footing versus elapsed time during the test are shown in Figure 8a . Inspection of the peak displacements for each set of load cycles at the same displacement level of the bent cap shows some interesting results. During each set of two push cycles, there was little net displacement after the second push compared to the first push except for the last two cycles where a small net displacement to the west occurred.
In contrast, during the pull cycles, some noticeable net displacement to the east occurred on the second push compared to the first push for every cycle except the first two. As shown in Figure 4b , the peak forces for each set of two push or pull cycles was essentially the same. The reason for this difference in force-displacement behavior between the push and pull cycles is not known. At the final time where the force was zero (elapsed time of 116.3 min.), there was a net displacement of about 23 mm (0.9 in.)
to the east. The estimated maximum lateral capacity of the same size footing without geopiers was 485 kN (109 kips).
Vertical Displacements
Three transducers were used to measure the vertical displacement of each reaction frame footing (see Figure 2) . The vertical displacements of the western footing for the entire test are shown in Figure 9 for the entire test. The peak upward displacement of 21 mm Comparing the results for the displacements in the northwest and northeast corners, it can be seen that rotation occurred in the direction of the overturning moment for both the push and pull cycles. During the push cycle, the lateral force on the footings was to the west and the vertical force was compressive. The primary lateral resistance developed as shear along the footing base to the east, producing an overturning moment that rotated the top of the footing from east to west. During the pull cycle, the lateral force on the footings was to the east and the vertical force was uplift. The primary lateral resistance developed as shear along the footing base to the west, producing an overturning moment that rotated the top of the footing from west to east. It can also be seen that there was some small transverse rotation during the push cycle, with greater rotation during the pull cycle. This occurred throughout the test and indicates that the direction of the pulling force was farther out of alignment with the bent cap than the pushing force. The The relationship of induced vertical force versus net vertical displacement for this same push-pull cycle is shown in Figure 10b . During both the compression and uplift cycles starting from zero induced force, the geopier foundation system stiffens with increasing displacement or force. This stiffening effect is more pronounced in compression than uplift. Thus, the geopier system had a high factor of safety against failure at the peak forces or displacements for both compression and uplift.
CONCLUSIONS
The geopier foundations supporting the structural reaction frame in these full-scale simulated seismic tests performed well. The foundations were subjected to large cyclic lateral and uplift-compression loads, as well as significant overturning moments produced by the horizontal forces. For the conditions of the tests -including large loads, poor subsurface soils, and no embedment of the foundations, the magnitude of the maximum displacements and rotations were relatively small. Furthermore, the permanent displacements at the end of the tests were small. Over the results indicate that geopier foundations are ductile and can sustain large displacements -such as those generated by earthquakes -without significant damage, thereby maintaining post-earthquake serviceability.
Specific major results and conclusions determined from these tests are summarized as follows:
1. For one loading cycle analyzed, 95% of the vertical compressive load applied to the foundation system at the bearing level was carried by the geopiers. The footing contact stresses induced on the geopiers ranged from about 25 to 45 times the contact stresses induced on the matrix soil.
2. Equations developed previously (1) for estimating the induced contact stresses on the geopiers and matrix soil based on subgrade reaction theory were found to provide reasonable estimates of the measured stresses.
3. During uplift of the foundations, the measured induced compressive stresses within the instrumented geopier were greatest at the bottom and decreased with decreasing depth. These results confirm that uplift loads are transmitted to the ground via the uplift plates at the bottoms of the geopiers.
4. Even without being embedded, the geopier foundation system provided significant resistance to sliding from lateral loads. This resistance was derived primarily from shearing resistance along the geopier-footing interfaces and passive resistance from the uplift bars pushing on the geopier material. Numerical analyses indicate that the portion of lateral resistance provided by the uplift bars was between 21 and 42% of the peak lateral force generated during the test.
5. The permanent displacements at the end of the test were small.
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